Abstract Variation in freezing severity is hypothesized to have influenced the distribution and evolution of the warm desert evergreen genus Larrea. If this hypothesis is correct, performance and survival of species and populations should vary predictably along gradients of freezing severity. If freezing environment changes in the future, the ability of Larrea to adapt will depend on the structure of variation for freezing resistance within populations. To test whether freezing responses vary among and within Larrea populations, we grew maternal families of seedlings from high and low latitude L. divaricata and high latitude L. tridentata populations in a common garden. We measured survival, projected plant area and dark-adapted chlorophyll fluorescence (F v /F m ) before and after cold acclimation and for 2 weeks following a single freeze. We detected significant variation in freezing resistance among species and populations. Maternal family lines differed significantly in their responses to cold acclimation and/or freezing for two out of the three populations: among L. tridentata maternal families and among low latitude L. divaricata maternal families. There were no significant differences across maternal families of high latitude L. divaricata. Our results indicate that increased freezing resistance in high latitude populations likely facilitated historical population expansion of both species into colder climates, but this may have occurred to a greater extent for L. tridentata than for L. divaricata. Differences in the structure of variation for cold acclimation and freezing responses among populations suggest potential differences in their ability to evolve in response to future changes in freezing severity.
Introduction
Freezing can limit seedling growth (Johnson et al. 2004) and establishment (Coop and Givnish 2008) and ultimately determine plant distributions (Pockman and Sperry 1997; Ewers et al. 2003) . Freezing is particularly important for the distribution of warm desert evergreens because they maintain functional leaf area year-round and typically exhibit weak cold acclimation which may be rapidly lost during mid-winter warming periods (Sakai and Larcher 1987) . Changes in freezing frequency and intensity have long been hypothesized to influence the encroachment of evergreen deserts into the semiarid grasslands of southwestern North America (Wells and Shields 1964; Hunziker et al. 1977; Van Auken 2000) . Over the past 100 years, spring and winter temperatures have increased (Karl et al. 1996) , along with a decrease in the number of frost days in North America over the period from 1951 to 2000 at a rate of 3 days per decade (Feng and Hu 2004) . Moreover, global climate models project further increases in Communicated by Frederick Meinzer. temperature in the century to come (Ruosteenoja et al. 2003) . Therefore, understanding the impacts of freezing on warm desert evergreen populations is necessary to determine the extent to which release from freezing stress has influenced extant distributions, and whether climate change will alter their distributions in the future.
The evergreen shrub Larrea tridentata [(Sessé and Moc. ex DC.) Coville] is a dominant species in the Sonoran, Mojave and Chihuahuan Deserts of North America across a broad range of latitudes (Mabry et al. 1977) . Its closest relative, L. divaricata (Cav.), is similarly distributed across latitude in the Monte Desert of South America (Ezcurra et al. 1991) . Across the range of both species, freezing is nearly absent at low latitude and becomes more common at higher latitudes and elevations (Mabry et al. 1977) . Though separated by 40°of latitude, L. tridentata and L. divaricata have only recently been distinguished as separate species (Hunziker et al. 1972) , but are very similar physiologically and produce semi-sterile hybrids . Inability to tolerate the cold climate of the newly elevated Bolivian Andes during the latter part of the Quaternary period has been postulated as the cause for the disjunction of an ancestrally continuous distribution, allowing their eventual divergence .
Increased minimum temperature has also been suggested as a factor in the more recent expansion of L. tridentata into short grass prairies of the southwestern US, beginning with the end of the last ice age (Wells and Hunziker 1976) . Since that time, L. tridentata has become a dominant species in the region, existing as three ploidy races which occur in distinctly different desert habitats. Although the ploidy races are sympatric in some areas, diploids typically occupy the cooler Chihuahuan Desert (Hunter et al. 2001) and are less vulnerable to freezing damage than either Sonoran Desert tetraploid or Mojave Desert hexaploid races Sperry 1997, 2000; Martínez-Vilalta and Pockman 2002; Yang 1967) . Seedlings from the three ploidy races also exhibit differential responses to low temperature when grown in a common garden, consistent with genetic differentiation among source populations (Yang 1967) . However, the utility of comparisons across ploidy races to understand freezing adaptation is confounded by the positive relationship between polyploidy and cell size (Stebbins 1971; Beaulieu et al. 2008) , which increases the vulnerability of both living tissues (Limin and Fowler 2001) and xylem vessels to freezing (Davis et al. 1999; Maherali et al. 2009 ). In addition, putative ploidy has been shown to be a significant determinant of observed variation in xylem vessel size, which is negatively correlated with freezing tolerance across Sonoran, Mojave and Chihuahuan Desert L. tridentata populations (Tyler 2004) . Therefore, studies which compare populations of similar ploidy are needed to test whether differential responses to freezing occur across populations of Larrea species in the absence of differences in ploidy.
Populations from dissimilar freezing environments may differ not only in their ability to survive freezing but also in reliance on tolerance versus resistance to freezing damage for survival. At low latitude, where freezing is rare and relatively mild, survival may be improved by increasing freezing tolerance, or the ability to recover from freezing damage. Freezing tolerance can be increased through investment in below-ground structures allowing for rapid re-growth or re-sprouting following freezing damage (Ewers et al. 2003) . For seedlings, however, their small size likely reduces freezing tolerance. Freezing resistance, or the ability to prevent freezing damage, may evolve when rapid growth out of the seedling stage is not possible and/or at higher latitudes where freezing frequency and intensity are high. In addition, cold acclimation responses, common to freezing resistant species, can dramatically reduce freezing damage, allowing rapid recovery of pre-freezing performance levels (Sakai and Larcher 1987) .
Trade-offs between freezing resistance and tolerance may arise as freezing frequency and intensity change (Agrawal et al. 2004) . Increased investment in resistance may reduce growth rate and competitive ability in the absence of freezing, while plants which rely on freezing tolerance may incur a high fitness cost as freezing becomes more frequent or intense. In early life stages, when growth is paramount to survival, there may be strong selection against both over-and under-investment in freezing resistance. Furthermore, in the face of altered freezing intensity and frequency, populations may experience a mismatch between freezing intensity and investment in a freezing tolerance or resistance strategy.
If a trade-off exists between freezing tolerance and resistance, adaptation to a particular freezing environment may eliminate variation for freezing response among individuals within populations. Therefore, the ability of populations to evolve in response to novel freezing environments could be constrained by prior adaptation (Falconer and Mackay 1996) . There is evidence that freezing responses differ among maternal families in cultivated species (for example, see Rapp and Junttila 2000) , but information on variation in freezing response among maternal families within natural populations is generally lacking (Geber and Griffen 2003) . Variation in damage following freezing has been observed among individual saguaro plants within a Sonoran Desert population (Niering et al. 1963 ); however, no published studies have examined variation in freezing responses among maternal families within any warm desert evergreen species. Studies which directly investigate trait variation among maternal families within populations are needed to determine the potential for changing selection regimes to result in adaptive shifts in freezing responses. In the case where the reliance on resistance versus tolerance varies within a population, freezing tolerant phenotypes may gain a competitive advantage in the event of climate warming, resulting in evolutionary change.
If L. tridentata and L. divaricata have adapted to temperature variation in the past, we would expect to find differences in freezing response among species and populations consistent with their climate of origin. If Larrea species are capable of further evolutionary response to freezing then we would expect to find variation for freezing response among maternal families within populations. To determine if adaptations to freezing are present within the genus Larrea, we asked three questions: (1) has there been differentiation in freezing response among these two closely related diploid species that is consistent with their geographic distribution, (2) has there been differentiation in cold acclimation or freezing response of diploid L. divaricata populations across latitude, and (3) is there variation for cold acclimation or freezing response among maternal families within populations? We measured variation in cold acclimation and freezing responses within and among diploid populations of L. tridentata and L. divaricata. To determine if the two species differ in freezing response, we compared L. tridentata and L. divaricata seedlings from high latitude populations representing the coldest sites known within their distributions. To determine if populations of the same species differ in a manner consistent with adaptation, we compared the cold acclimation and freezing responses of L. divaricata seedlings from a high latitude population, where freezing is common, with low latitude seedlings from a population which only rarely experiences mild freezing. To quantify variation in freezing tolerance and resistance within populations, we measured freezing responses of 10 maternal families from each population. We also measured cold acclimation of 10 maternal families from both high and low latitude L. divaricata populations.
Materials and methods

Seed collection and plant propagation
We grew seedlings under common conditions to minimize the effects of environment-caused variation in cold acclimation and freezing responses, allowing a stronger test of differentiation between species, among populations, and among maternal families. Seeds were collected haphazardly from 30 maternal plants in 2007 at a high latitude L. tridentata site, and in 2008 at low and high latitude L. divaricata sites. The high latitude L. divaricata site is located at the far southern end of the Monte Desert at 42°31 0 S, 68°15 0 W near Bajada del Diablo, Chubut, Argentina (Fig. 1) . The low latitude L. divaricata site is located at the far northern edge of the Monte Desert at 29°25 0 S, 66°52 0 W, near Chamical, La Rioja, Argentina (Fig. 1) . L. divaricata consists of diploid populations throughout its range . The high latitude L. tridentata site is located at the northern edge of the Chihuahuan Desert, near the Five Points area of the Sevilleta LTER at 34°20 0 N, 106°45 0 W (Fig. 1) . This population is located far from populations where tetraploid and diploid individuals are known to co-mingle and was assumed to consist only of diploid individuals based on studies by Yang et al. (1977) and Hunter et al. (2001) . Seedlings were randomly selected from maternal families using a random number table. Individual seedlings were given a unique number then randomly assigned to racks containing 50 seedlings each; individual racks were treated as blocks. Seedling location within each block was also randomized. Seedlings were grown for 3 months, during which time the racks were randomly assigned a new position in the greenhouse once per week.
Experimental design
Before temperature treatments began, chlorophyll fluorescence and projected plant area measurements were made for all plants; this pre-freezing measurement allows for each individual plant to serve as its own control. Because cold acclimation typically takes place in a field setting prior to freezing, and is known to increase freezing resistance (Sakai and Larcher 1987) , L. tridentata and high and low latitude L. divaricata were cold acclimated before exposure to a single freeze. To characterize cold acclimation response, we measured chlorophyll fluorescence of 100 low and 100 high latitude L. divaricata seedlings following cold acclimation. Data on response to cold acclimation were collected only for high and low latitude L. divaricata plants. Following cold acclimation, seedlings were randomly assigned to one of two temperature treatments: -8°C (50 seedlings) and -10°C (100 seedlings) for L. divaricata, and -10°C (50 seedlings) and -12°C (50 seedlings) for L. tridentata. Immediately following freezing, plants were returned to the greenhouse and thereafter experienced the same conditions as prior to cold acclimation. To characterize the freezing response, we measured chlorophyll fluorescence at 0-24 h and 1 week following freezing. We also measured survival and projected plant area at 1 week following freezing. To test whether populations differ in freezing resistance versus tolerance, we followed seedling recovery by measuring chlorophyll fluorescence again 2 weeks following freezing.
Low temperature treatments
Cold acclimation took place in a Conviron growth chamber (Model #E8; Controlled Environments, Winnipeg, Canada) for 7 days (12/1°C day/night temperature, 12-h day length at a light intensity of 1,160 lmol m -2 s -1 ). Freezing took place in a chamber designed to expose only the canopy portion of the plant to low temperatures, while maintaining a temperature of 6°C in the root zone (method described in Medeiros and Pockman 2011) . Long-term temperature records from the high latitude L. tridentata site indicate that minimum temperatures between -9 and -12°C are typically reached 2-3 times per month during January and February (Moore 1989 (Moore -2009 , so high latitude L. tridentata seedlings experienced freezing of either -10 or -12°C. In preliminary tests, a single freeze of -12°C resulted in nearly 100% mortality of both high and low latitude L. divaricata seedlings, so temperature treatments were shifted to -10 and -8°C for both L. divaricata populations.
Chlorophyll fluorescence
Plant responses to cold acclimation and freezing treatments were quantified using dark-adapted chlorophyll fluorescence (F v /F m ; PSI Open Fluorcam, Model# FC 1000-H; Photon Systems Instruments, Brno, Czech Republic), a non-invasive measurement of photosynthetic capacity (maximum quantum yield) allowing for repeated measurements over time on the same individuals and the same leaves. F v /F m is strongly correlated with leaf dieback (Boorse et al. 1998 ) and with a more traditional, but destructive, measure of freezing damage, electrolyte leakage (Ehlert and Hincha 2008) . Reductions in F v /F m may occur as part of cold acclimation, representing a response to cold temperatures rather than damage (Demmig-Adams and Adams 2006). To account for this, we measured preacclimation F v /F m , quantified the reduction in F v /F m following cold acclimation (in the absence of freezing damage; high and low latitude L. divaricata seedlings only) and followed the trajectory of F v /F m for all seedlings over the 2 weeks following freezing. This approach allowed us to distinguish reduced F v /F m due to freezing damage (these plants exhibited relatively slow and incomplete recovery of F v /F m ) from reductions in F v /F m representing an acclimation response (plants exhibited more rapid and complete recovery of pre-freezing F v /F m ). Plants were dark-adapted for 8 h before measurements. One side of the entire plant was imaged. We calculated F v (variable fluorescence) from the equation: (F m -F o )/F m where F o is the initial fluorescence and F m is the maximum fluorescence (Maxwell and Johnson 2000) .
Survival and projected plant area Survival was monitored for 1 month following freezing. Because plants that died following freezing did so within a few days, we only report survival data for 1 week postfreezing.
Projected plant area was calculated before and 1 week after freezing from fluorescence images generated by the PSI software using Scion Image (Scion, Frederick, MD, USA) and an equation relating pixel area to leaf area.
Data analysis
Data were analyzed using SAS (v.9.2; SAS Institute, Cary, NC, USA). Non-significant block effects and non-significant interactions with block were removed from models to avoid over-specification.
Survival across populations following freezing of -10°C was examined using a logistic model with population as the independent variable. We also tested for differences in survival across maternal families using a logistic model, with maternal family and minimum temperature as the independent variables.
We tested for differences in responses to cold acclimation and freezing across populations using a series of repeated measures analyses (PROC GLM; Potvin 2001). Because F v /F m data represent the proportion of F m -F o in relation to F m , we analyzed arcsin-transformed F v /F m data. We tested for differences in F v /F m following cold acclimation across the two L. divaricata populations using two levels of time, pre-treatment and post-acclimation, with population as the independent variable; block was included in this analysis. For analysis of freezing treatments, only plants that survived freezing were included. Comparisons of F v /F m 0-24 h post-freeze are not included in analyses since the three populations were measured at different times within the first 24 h, and significant recovery or light damage can take place within this period following freezing (B. Logan, personal communication). Therefore, these data are presented in figures only to provide an indication of the reduction in this factor within the first 24 h following freezing. We tested for differences in F v /F m in response to freezing of -10°C across all three populations using population as the independent variable and three levels of time, pre-treatment, 1 week post-freeze and 2 weeks post-freeze. We tested for differences in projected plant area in response to freezing of -10°C using population as the independent variable and two levels of time, pre-treatment and 1 week post-freeze.
We also tested for differences among maternal families using repeated measures analysis. Mortality following freezing resulted in low sample sizes within maternal families of L. divaricata, so separate analyses of F v /F m and projected plant area were performed on each population. Maternal family was specified as a random effect for all analyses. Though some have recommended the use of PROC MIXED and the Kenward-Roger correction for random effects (Littell et al. 2006 ), we chose not to use this method since small sample sizes resulted in poor model fits using PROC MIXED, and there were no differences in which dependent variables were determined to be significant using PROC GLM versus PROC MIXED. Since different numbers of seedlings survived in each of the maternal families (see ''Results'' for details) we used a Satterthwaite approximation to account for the unbalanced design (PROC GLM; Potvin 2001) . For each population, we used two levels of time, pre-treatment and 1 week posttreatment, with maternal family, minimum temperature and their interaction as the independent variables. In the high latitude L. divaricata population, the effect of block was included in the maternal family level analysis of cold acclimation response.
Results
Survival following freezing
There were significant differences between the three populations in survival following freezing to -10°C. High latitude L. tridentata seedlings had the highest survival, followed by high latitude L. divaricata ( Fig. 2a; Table 1a) . A pairwise comparison indicated that survival was significantly higher following the colder freezing treatment only (P \ 0.0001) for high latitude compared to low latitude L. divaricata seedlings.
High latitude L. tridentata seedlings had high survival following freezing of both -10 and -12°C, and there was not a significant effect of minimum temperature on survival for this population (Table 1b) . For L. divaricata, however, survival was significantly higher after freezing to -8 than -10°C for both high and low latitude seedlings (Table 1b) .
There were no significant differences in survival across maternal families for the high latitude population of L. tridentata or L. divaricata (Table 1b) . Within the low latitude L. divaricata population some maternal families had significantly higher survival than others ( Fig. 2b ; Table 1b ).
Responses to cold acclimation Both high and low latitude L. divaricata seedlings exhibited significantly reduced dark adapted chlorophyll fluorescence (F v /F m ) following 7 days of cold acclimation ( Fig. 3; Table 2a ). Low latitude L. divaricata seedlings had significantly higher mean post-acclimation F v /F m than high Oecologia (2012) 169:73-84 77 latitude seedlings (Table 2a ). There was a significant time 9 block effect on F v /F m , driven by the response of seedlings in the high latitude L. divaricata population, which also exhibited a significant effect of block when examined separately (see below). F v /F m of high latitude L. divaricata seedlings was significantly reduced by cold acclimation (Table 2b) , but there were no significant differences between maternal families. Among low latitude L. divaricata seedlings, F v /F m was also significantly reduced by cold acclimation (Table 2c) . Though the overall effect of maternal family was not a significant factor in determining F v /F m following cold acclimation, there was a significant difference in the response of maternal families pre-to post-acclimation (Table 2c , time 9 maternal family effect).
Responses to freezing
All three populations exhibited a significant response of F v /F m (Table 3) and there were significant differences across the three populations in the response of F v /F m to a single freeze of -10°C. Seedlings from both L. divaricata populations had lower F v /F m than L. tridentata seedlings at every measurement period (Fig. 3) , while high latitude L. divaricata seedlings exhibited smaller reductions in F v /F m following freezing compared to low latitude L. divaricata.
Prior to freezing treatments, L. tridentata seedlings had larger projected plant area (7.83 ± 5.12 cm 2 ) than either low latitude (3.98 ± 2.00 cm 2 ) or high latitude L. divaricata seedlings (2.72 ± 1.34 cm 2 ). Freezing of -10°C had a significant effect on projected plant area for all three populations (Table 3) and resulted in significant differences in projected plant area across the three populations (Table 3 ). The relative sizes of seedlings across the three populations, however, were similar pre-and post-freeze. High latitude L. divaricata seedlings were still the smallest, but had retained the greatest proportion of their pre-freeze plant area, with an average reduction in plant size of 52% (mean 1 week post-freeze projected plant area 1.41 ± 0.93 cm 2 ). Greater reductions in projected plant area in response to freezing (61% reduction) occurred among high latitude L. tridentata (mean 1 week postfreezing projected plant area 4.75 ± 4.75 cm 2 ) and low latitude L. divaricata (mean 1 week post-freezing projected plant area 2.43 ± 2.00 cm 2 ). Both high and low latitude L. divaricata responded more negatively to the -10°C freezing treatment than to the -8°C treatment (Fig. 2a) , and there was a significant effect of temperature treatment on F v /F m for both high (Table 4a) and low latitude populations (Table 4b ). There was also a significant effect of the interaction between maternal family and temperature treatment on projected plant area for low latitude L. divaricata (Table 4b ). The response of high latitude L. tridentata seedlings also differed significantly based on the intensity of freezing (Table 4c ). There were no significant differences in F v /F m across maternal families following freezing for any of the three populations (Table 4a -c). There was a significant effect of freezing on projected plant area for high latitude L. divaricata seedlings (Table 4a ), but not a significant effect of maternal family. Among low latitude L. divaricata, there were significant differences between maternal families in the response of projected plant area to freezing (Table 4b , time 9 maternal family effect). This population exhibited a significant negative correlation between pre-freeze projected plant area and the change in projected plant area in response to freezing (Pearson product moment correlation = -0.41, P = 0.0361). The relationship between pre-freeze plant size and freezing response was maintained when comparing maternal family lines. Pairwise comparisons (Tukey test, a = 0.05) indicated that reduction in projected plant area pre-to post-freeze (following freezing of -10°C) was significantly greater for maternal family 3, which had the largest mean pre-freeze projected plant area (Fig. 4a) , than for maternal family 6, which had an intermediate mean prefreeze projected plant area.
In the high latitude L. tridentata population, there was also a significant negative correlation between pre-freeze plant size and the change in plant size following freezing (Pearson product moment correlation = -0.78, P \ 0.0001) in conjunction with a significant effect of maternal family on projected plant area following freezing (Table 4c , time 9 maternal family effect and maternal family effect). Pairwise comparisons (Tukey test, a = 0.05) indicated that maternal families with significantly larger mean pre-freezing seedling size (4, 8 and 10) had significantly greater reductions in projected plant area following freezing to -12°C compared to family 9, which had a smaller mean prefreeze seedling size. We observed re-sprouting in seedlings of five maternal families from the high latitude L. tridentata population, though post-hoc logistic regression revealed no significant differences across the maternal families in proportion of plants re-sprouting (data not shown).
Discussion
Variation in freezing response among species and populations Growth in a common environment revealed differentiation in freezing responses between the two diploid Larrea species, with Chihuahuan Desert L. tridentata having higher freezing survival (Fig. 2a) and dark-adapted chlorophyll fluorescence (F v /F m ; Fig. 3 ) following freezing of -10°C than either population of L. divaricata. Though isozyme data indicate that the two species are closely related (co-efficient of genetic similarity above 0.93; Cortes and Hunziker 1997), our data suggest that functional trait divergence has taken place since their disjunction 0.6-1.2 million years ago (Cortes and Hunziker 1997 ).
Although we did not directly measure genetic differences, the variation we observed among the three populations grown in a common garden are consistent with genetic differentiation in freezing resistance across Larrea populations experiencing dissimilar freezing intensity and frequency. The differences we observed between L. divaricata populations were consistent with higher freezing resistance in the high compared to the low latitude population. High latitude plants exhibited a stronger response to cold acclimation (greater reduction in F v /F m ), accompanied by more rapid recovery of pre-freezing F v /F m (Fig. 3) , smaller reductions in leaf area (see ''Responses to freezing'') and higher survival following freezing to -10°C (Fig. 2a) . Though we did not compare high and low latitude L. tridentata in our study, other published accounts indicate that diploid adults and juveniles from lower latitudes have lower freezing resistance than seedlings of the population currently under study. Adult L. tridentata growing in the Chihuahuan Desert 180 miles to the south of our field site, at the Jornada LTER, where a minimum temperature of -10°C is rare, experienced leaf loss following a freezing of -5°C (Gutschick and BassiriRad 2003) . Furthermore, greenhouse-grown L. tridentata from Querétaro, México (20°N, mean minimum January temperature 5.4°C; Hijmans et al. 2005) , exhibit 40% mortality following exposure to single freezing of -8°C (Medeiros, unpublished data) . In contrast, 98% of seedlings in our study survived freezing to -12°C. This provides further evidence that differentiation in freezing responses has occurred among diploids of the genus Larrea, and that increased freezing resistance of seedlings may have facilitated past establishment at higher latitudes and elevations. 
(c) High latitude L. tridentata. Both within subject (MANOVA) and between subject (repeated measures) results are shown * P \ 0.05; ** P \ 0.01; *** P \ 0.0001
We detected a trade-off between plant growth and freezing resistance across the two populations of L. divaricata, as has been demonstrated previously for other plant species (Clausen et al. 1941; Benowicz et al. 2000) . Differential investment in construction of freezing-resistant xylem and/or leaves could have diverted resources away from the production of leaf area in high latitude plants, reducing their pre-freeze size compared to low latitude plants. Previous work has demonstrated differences in xylem vessel diameter (a trait related to xylem freeze-thaw embolism vulnerability) among L. tridentata populations experiencing different freezing regimes (Tyler 2004) . A trade-off between xylem freeze-thaw embolism vulnerability and plant growth could arise because a relative reduction in vessel diameter also reduces water transport capacity (Hacke and Sperry 2001) , which in turn has been shown to reduce relative growth rate of seedlings across a variety of woody species (Castro-Diez et al. 1998) .
Trade-offs between growth rate and investment in leaf freezing resistance could also play a role in the patterns we observed. Though low latitude L. divaricata seedlings were larger than high latitude L. divaricata seedlings before freezing, they exhibited greater percent reductions in leaf area following freezing (see ''Responses to freezing'') and never recovered pre-freeze values of F v /F m during the course of the study (Fig. 3) . In contrast, high latitude L. divaricata seedlings were smaller but quickly recovered to pre-freeze values of F v /F m , within 2 weeks. The more rapid recovery of F v /F m following freezing among high compared to low latitude plants indicates that high latitude plants were better able to either resist or rapidly reverse the negative effects of freezing. The activation of photo-protective mechanisms could cause a reduction, followed by rapid recovery in F v /F m , such as we observed among high latitude plants (Adams and Demmig-Adams 2004) . Differences between populations in the timing of F v /F m recovery might also indicate differential reliance on sustained versus rapidly reversing photo-protective mechanisms (Osmond 1994) . Future work will be required, however, to determine the ultimate causes of the observed patterns in F v /F m and the potential effect of energetic requirements of slow and rapidly reversible photo-protective mechanisms on plant growth rate, as these data are lacking in the current literature.
Accumulation of cations, amino acids, soluble sugars and proline (known as osmolytes) during winter are also known to increase leaf freezing resistance (Walker et al. 2010) . Investment in osmolytes could reduce seedling growth rate. Although a direct connection between the accumulation of such stress-related compounds and reduced growth rate is difficult to make, since stresses themselves can cause growth cessation, increased accumulation of proline results in reduced growth of yeast even in the absence of stress (Maggio et al. 2002) .
Variation in freezing response within populations
Our data indicate that high latitude L. divaricata seedlings are freezing resistant enough to establish during most winters under current freezing regimes at their home field site (Fig. 1) . Seedlings from this population were uniformly small, there were no differences across maternal families, and re-sprouting was not observed. Cold mean annual temperatures in conjunction with very low precipitation at this site (Fig. 1 ) may make re-growth untenable following freezing, placing a higher premium on the development of freezing resistance. Low variability among maternal family lines within this population could indicate strong selection in the past, as has been suggested for other uniform-sized populations of perennials (Hiesey et al. 1942 ). Though we observed a freezing response consistent with adaptation, founder effects could also have reduced variation among maternal families in this population, which lies at the far southern edge of the L. divaricata distribution. Reduced variation among maternal families could result from reproductive isolation if populations became established at the limits of the range of pollinators, or if a different suite of pollinators is present at colder sites. L. divaricata is capable of self-fertilization, though outcrossing is strongly favored (Rossi et al. 1999 ), suggesting that even rare pollination events could counter genetic drift. Regardless of the mechanism of reduced variation, future evolution of freezing resistance and/or tolerance would be expected to occur slowly in this population. Similarity of freezing response across maternal families may also make the population as a whole more vulnerable to rare extreme events. The amount of variation within populations has been suggested as an important factor determining their ultimate fate in the face of changing climate (Jump and Peñuelas 2005) . In addition, given the relationship we observed between seedling size and freezing resistance, continued investment in freezing resistance may reduce the ability of seedlings to compete with faster growing species in the event that freezing becomes less frequent. Among low latitude L. divaricata seedlings, freezing survival was greatly reduced just below the long-term minimum for their home field site of -8°C (Fig. 2a) , suggesting that even small increases in minimum temperature could result in increased establishment at this site. Freezing resistance was lowest in this population; however, we observed a significant negative correlation between prefreeze plant size and the change in plant size in response to freezing (Fig. 4a) . Freezing resistance was higher among maternal families with smaller seedlings; maternal families with the smallest mean pre-freeze projected plant area exhibited the smallest reductions in plant area in response to freezing. This suggests a trade-off between investment in high relative growth rate and investment in freezing resistance. Freezing tolerance, on the other hand, may be favored by a high relative growth rate, since larger plants are likely to have larger root systems and larger reserves, allowing them to better accommodate re-growth following freezing damage. The relative rarity of low temperature events at this site may drastically reduce the fitness benefits of freezing resistance if investment in resistance reduces competitive ability. In contrast, weak freezing resistance could place fewer constraints on plant growth if freezing frequency and intensity decrease, such that freezing tolerance may evolve at low latitude where freezing is mild and rare. Significant variation for cold acclimation response, freezing survival, and freezing response among maternal families in this population (Figs. 2b, 4a ) leaves open the possibility of the evolution of increased freezing tolerance and expansion into higher elevation sites. Our data on freezing tolerance should be interpreted with some caution, however, given that recovery from freezing was measured over only a short time period.
Our data indicate that nearly 100% of L. tridentata seedlings can survive winter temperatures close to the mean yearly minimum temperature at their home field site (-14.4 ± 1.1°C; Moore 1999 Moore -2009 ). Germination of L. tridentata typically occurs in the fall (Beatley 1974) , and establishment at the current field site under study occurs rarely (Moore 1999 (Moore -2009 , however, during warmer than average winters (Moore 1989 (Moore -2009 . Our study suggests that establishment may increase with increasing mean minimum temperatures. It is important to note that we also observed a strong negative relationship between plant size and the relative strength of freezing resistance versus freezing tolerance within this population (Fig. 4b) , again indicating a trade-off between investment in relative growth rate and investment in freezing resistance. Furthermore, we detected significant variation in resistance versus tolerance among maternal families (Fig. 4b) , suggesting that this population could evolve in response to natural selection by freezing. Again, interpretation of our data on freezing tolerance must proceed with caution, given the short period that time plant recovery was measured following freezing. Our data do show, however, that differences in response to climate warming may exist between maternal families with smaller, more freezingresistant seedlings and those with larger, potentially more freezing-tolerant, seedlings. As freezing becomes rarer and less intense, the selective advantage of freezing resistance may decrease, resulting in reduced representation of freezing-resistant lineages, while establishment of freezing-tolerant lineages may increase.
Our experiment provides evidence for variation in freezing response among diploid Larrea species and populations consistent with adaptation to minimum temperature. Given the current study design, however, we are unable to determine the relative contributions of genetic and maternal environmental effects to the differences in freezing response we observed among populations and maternal families. Though variation in the responses of first-generation seedlings grown in a common garden is consistent with genetic differentiation among populations, future studies are needed to reveal what, if any, genetic differences underlie the variation we observed. Few studies have investigated maternal environmental effects on freezing resistance; however, in Picea abies, changes in the timing of cold acclimation, de-hardening and spring bud set were associated with changes in gene transcription in seedlings experiencing cold versus warm temperatures during embryogenesis (Johnsen et al. 2005) . Future experiments investigating the effects of cold acclimation and freezing on seedlings grown from seeds produced in a greenhouse common garden would be required to tease apart maternal effects from the effects of climate per se.
In conclusion, we provide support for the hypothesis that minimum temperature has played a role in determining the distribution of the genus Larrea. Our results also indicate that the evolution of higher freezing tolerance and/or resistance have also likely facilitated establishment of populations at higher latitudes or elevations. Finally, the structure of within-population variation in freezing resistance and tolerance reported here warrants further study because it suggests that some populations may be better poised than others to evolve in response to changing climate conditions in the future.
